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We demonstrate detection of NaRb Feshbach molecules at high magnetic field by combining
molecular photodissociation and absorption imaging of the photofragments. The photodissociation
process is carried out via a spectroscopically selected hyperfine Zeeman level correlated with the Na
(3P3/2) + Rb (5S1/2) asymptote which, following spontaneous emission and optical pumping, leads
to ground-state atoms in a single level with near unity probability. Subsequent to the dissociation,
the number of molecules is obtained by detecting the resultant 23Na and 87Rb atoms. We have
also studied the heating effect caused by the photodissociation process and optimized the detection
protocol for extracting the temperature of the molecular cloud. This method enables the in situ
detection of fast time scale collision dynamics between NaRb Feshbach molecules and will be a
valuable capability in studying few-body physics involving molecules.
I. INTRODUCTION
Magnetically tunable Feshbach resonances in ultracold
atomic gases make it possible to explore a vast range
of phenomena [1]. Among them, creating weakly bound
Feshbach molecules (FMs) by magneto-association is one
of the most important as it provides a gateway toward
the physics of ultracold molecules [2]. Weakly bound het-
eronuclear FMs can be transferred to the ground state
via a two-photon Raman process [3–7], where they have
a significant permanent electric dipole moment. This is
currently the most successful method for producing ul-
tracold polar molecules for exploring many-body dipolar
physics. In addition, FMs have found great applications
in few-body and many-body physics, for instance, the
Efimov effect [8–10] and the BEC-BCS crossover [11, 12].
For all experiments involving FMs, a convenient detec-
tion method is crucial for obtaining the basic informa-
tion, such as number and temperature, of the molecular
samples. However, unlike atoms, molecules have much
more internal levels, which make it difficult to find cy-
cling transitions necessary for detection with high signal
to noise ratios. Therefore, detection of FMs typically re-
lies on dissociating them and then probing via the cycling
transition of the resultant atoms. The dissociation can be
done by ramping back the magnetic field across the Fes-
hbach resonance [13] or by applying an rf pulse resonant
with a bound-free transition [14]. In some special cases,
it is also possible to probe weakly bound FMs directly
on atomic transitions [15, 16]. All these methods, how-
ever, have some limitations. Ramping the magnetic field
takes time and may also introduce extra kinetic energy
to the samples [17]; rf dissociation and direct imaging
on atomic transitions only work for very small binding
energies when the bound-free transition strength is still
strong enough.
In this paper, we report detection of FMs by first pho-
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todissociating them and then detecting the photofrag-
ments, all in presence of the high magnetic field. Our
method is an extension of the direct FM detection on
the atomic transition [15, 16], but it works for samples
of pure FMs with a large range of binding energies from
several kHz to 20 MHz. In this work, after optimizing the
laser pulse duration for the photodissociation (PD) and
the absorption imaging processes, we can obtain the ac-
curate number and temperature of the NaRb FM sample
in about 20 µs. This method can also be readily adopted
for probing dynamics in mixtures of atoms and FMs, e.g.,
by adding a rf or microwave assisted atom detection first
before detecting the FMs. It thus complements the other
aforementioned detection methods and may find appli-
cations for detecting fast time scale ultracold collision
dynamics involving molecules [18].
The paper is organized as follows. In Sec. II, we dis-
cuss the PD pathways for NaRb FMs and the energy level
scheme for imaging the resultant atoms in high magnetic
field. Sec. III is devoted to the spectroscopic investiga-
tion of the PD pathways. The results of probing the
molecules via PD are presented in Sec. IV before con-
cluding in Sec. V.
II. THE PHOTODISSOCIATION PATHWAY
As shown in Fig. 1, in the ground state, the dis-
sociation asymptote of the FM is |1Na〉 + |1Rb〉 ≡
Na
∣∣3S1/2, F = 1,mF = 1〉 + Rb∣∣5S1/2, F = 1,mF = 1〉.
Starting from either of the two atomic hyperfine lev-
els, there are no closed transitions for imaging the FMs
or even atoms directly. In our experiment, to de-
tect the |1Na〉 atoms in high magnetic field, we ap-
ply an optical pumping (OP) pulse first to transfer
them into the |2Na〉 ≡
∣∣3S1/2, F = 2,mF = 2〉 state
and then image them with the |2Na〉 → |4Na〉 ≡∣∣3P3/2,m′J = 3/2,m′I = 3/2〉 cycling transition. The
OP relies on the |3Na〉 ≡
∣∣3P3/2,m′J = 1/2,m′I = 3/2〉
excited-state hyperfine Zeeman level which decays spon-
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FIG. 1. Photodissociation pathway and high-field imaging of
23Na87Rb FMs. (a) ground-state NaRb FMs can be dissoci-
ated via the |3Na〉 + |1Rb〉 or the |1Na〉 + |3Rb〉 excited-state
atomic limit (see text for detailed symbol designations). In-
formation of the NaRb sample can be obtained by detecting
(b) the Na and/or (c) the Rb atoms produced by PD. At high
magnetic field, these atoms can be imaged with the closed
probe transition after OP. The same OP and probing levels
are also used for detecting atomic species directly. The leak-
age to other levels during the OP is small and can be taken
into account to get the molecule number accurately.
taneously to |2Na〉 and |1Na〉 with branching ratios
η of 66.54% and 31.13%, respectively. The leak-
age to other ground-state levels is 2.3%. The
|1Rb〉 atoms can also be detected following the
same route, with |2Rb〉 ≡
∣∣5S1/2, F = 2,mF = 2〉,
|3Rb〉 ≡
∣∣5P3/2,m′J = 1/2,m′I = 3/2〉, and |4Rb〉 ≡∣∣5P3/2,m′J = 3/2,m′I = 3/2〉. The branching ratios from
|3Rb〉 to |2Rb〉 and |1Rb〉 are 64.19% and 35.13%, respec-
tively. The leakage to other ground-state levels is only
0.68%. Here, we use quantum numbers F and mF to
label the ground-state hyperfine Zeeman levels. How-
ever, under the high magnetic field, they are not good
quantum number in the excited state. Thus m′J and m
′
I ,
which are projections of the electron’s total angular mo-
mentum and the nuclear spin onto the magnetic field, are
used.
For FM detection, the OP for atom is replaced by
PD plus OP (PD/OP). As shown in Fig. 1, in princi-
ple the PD can occur via either the |3Na〉+ |1Rb〉 or the
|1Na〉 + |3Rb〉 excited-state atomic limits. Starting from
FMs, the two atomic limits can be reached by adding the
molecule binding energy Eb to the |1Na〉 → |3Na〉 or the
|1Rb〉 → |3Rb〉 OP transition. As these transitions are
electric dipole (E1) transitions, the PD process is much
more efficient than the rf dissociation which relies on
much weaker magnetic dipole (M1) transitions. The pho-
todissociated atom pair in the |3Na〉+|1Rb〉 (|1Na〉+|3Rb〉)
asymptote will result in a |1Rb〉 (|1Na〉) atom and a |2Na〉
(|2Rb〉) or |1Na〉 (|1Rb〉) atom following the spontaneous
emission. The |1Na〉 (|1Rb〉) atoms are then further op-
tically pumped to the |2Na〉 (|2Rb〉) off-resonantly by the
PD/OP light in which they can be probed together with
atoms already decayed to this state. The other |1Rb〉
(|1Na〉) atoms can also be detected following the afore-
mentioned high-field imaging procedure for atoms with
the help of an additional OP pulse. Information of the
FM sample can be extracted from one or both images.
An important issue to consider in selecting the ex-
cited state for PD is molecular levels near the dissociation
limit. The existence of such a weakly-bound molecular
level, if also reachable by the PD light, will compromise
the PD process as the bound-bound transition has a more
favorable transition strength and is thus more likely to
happen than the bound-free transition. In fact, as will
be presented in the next section, such a NaRb level is ob-
served near the |1Na〉+ |3Rb〉 asymptote, which excludes
usage of this PD pathway for detecting NaRb FMs.
III. PHOTODISSOCIATION SPECTROSCOPY
A. Experiment setup
The experimental system for creating the sample of
pure FMs has been discussed in detail before [7, 19].
Briefly, we use the 347.64 G Feshbach resonance between
|1Na〉 and |1Rb〉 atoms to produce NaRb FMs via mag-
netoassociation. The only difference is that a pancake
shaped optical dipole trap formed by crossing two 946
nm laser beams is used. In this so called “magic wave-
length” optical trap [20], the Na and Rb samples feel the
same trapping frequencies and have overlapping centers
of mass which is advantageous for creating FMs. In the fi-
nal configuration, the measured trap frequencies are (ωx,
ωy, ωz) = 2pi×(40, 40, 193) Hz. After the magnetic field
ramp for magnetoassociation, a strong magnetic field gra-
dient pulse is applied to remove all residue atoms at 335.3
G. Following this procedure, we can obtain typically 7000
NaRb FMs with no detectable residue Na and Rb atoms.
The trap lifetime of the molecule sample is more than 20
ms, enough for the subsequent investigations.
In previous works [7, 19], to detect the FMs, we first
dissociate them by ramping the magnetic field reversely
across the Feshbach resonance. The high magnetic field
is then turned off abruptly and the resultant Na and Rb
atoms are detected with standard low-field absorption
imaging method.
For the high-field imaging with PD, the |1Rb〉 →
|3Rb〉 PD/OP transition is driven by a DFB laser off-
set locked [21] to the Rb repumping light which is on
resonance with the |F = 1〉 → |F ′ = 2〉 transition at zero
magnetic field. The laser frequency can be easily tuned
by several GHz for compensating the Zeeman shift. The
|1Na〉 → |3Na〉 PD/OP light is derived by frequency shift-
ing the |F = 1〉 → |F ′ = 2〉 Na cooling light by ∼ +700
MHz. This is accomplished with an acousto-optical mod-
ulator (AOM) in the double-pass configuration. Simi-
larly, the |2Na〉 → |4Na〉 and |2Rb〉 → |4Rb〉 probe fre-
quencies are also obtained with AOMs in double-pass
configurations.
The PD/OP light propagates along the magnetic field
3direction and is σ+ polarized. To ensure a homogeneous
illumination, the PD/OP light has a large beam size of
1.1 mm which is more than 50 times larger than the typ-
ical size of the FM sample. The probe light is linear
polarized with both its propagation direction and polar-
ization perpendicular to the magnetic field. It can thus
drive the σ+ imaging transition with half of the maxi-
mum absorption cross section. We use two individually
controlled CCD cameras, one for each species, to detect
the fragmented Na and Rb atoms. In a single run, we
can obtain absorption images of both species.
B. Photodissociation via the |1Na〉 + |3Rb〉 limit
To probe the PD transition near the |1Na〉+|3Rb〉 limit,
we start from a pure NaRb FM sample at 335.3 G. The
magnetic field is then ramped to a desired value in 4 ms.
After another 5 ms for the magnetic field to stabilize, a
110 µW PD/OP pulse is applied for 20 µs to dissociate
the molecules and optical pump the resultant Rb atoms
to the |2Rb〉 state. Subsequently, these atoms are de-
tected with a 50 µs high-field imaging pulse. In addition,
we also detect the remaining molecules with the low-field
imaging method after finishing the high-field imaging.
The same procedure is then repeated after stepping the
PD/OP light frequency for obtaining the PD spectrum
at the selected magnetic field.
An example PD spectrum obtained via the high-field
imaging method is shown in Fig. 2(a). As the NaRb
molecular potentials correlated with the |1Na〉 + |3Rb〉
limit are all attractive, a plateau is expected for the
above threshold portion of the PD lineshape. Con-
trary to this expectation, we observe a nearly symmet-
ric lineshape. This is caused by a near threshold NaRb
bound state which is revealed by detecting the remain-
ing molecules with the low-field imaging method. As
shown in Fig. 2(b), the binding energy of this excited
NaRb state is only 35 MHz. As the bound-bound tran-
sition strength is much stronger, with the same PD/OP
power, a very broad bound-bound transition linewidth is
observed. This makes it essentially impossible to drive
a pure bound-free PD transition. Bound excited NaRb
state can decay spontaneously to ground NaRb bound
states which are dark to the PD/OP and the imaging
light. The inevitable bound-bound transition here thus
leads to a significant undercount of the molecule number
in the high-field imaging signal. As a result, this PD path
is not suitable for detecting NaRb FMs.
C. Photodissociation via the |3Na〉 + |1Rb〉 limit
A similar procedure is used to obtain the PD spectrum
near the |3Na〉+ |1Rb〉 limit. Fig. 2(c) shows an example
spectrum obtained by detecting the resultant Na atoms
at high magnetic field following a 100 µW, 5 µs PD/OP
pulse. The “shelf” like lineshape with an above thresh-
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FIG. 2. Photodissociation spectrum via different pathways.
(a) Rb photofragment atoms detected by high-field (343.2 G)
imaging and (b) remaining molecules detected by the low-field
imaging method after PD via the |1Na〉 + |3Rb〉 limit. Besides
the PD resonance at 0 MHz, an additional feature from a near
threshold bound state is also observed at around -35 MHz.
The solid curves are from single and double-peak Lorentzian
fittings for extracting the line centers. (c) Na photofragment
atoms detected by high-field (335.3 G) imaging and (d) re-
maining molecules detected by the low-field imaging method
after PD via the |3Na〉+ |1Rb〉 limit. The solid curves are from
piecewise fitting for estimating the PD threshold.
old plateau is typical for molecular PD [22]. Unlike that
with the |1Na〉+ |3Rb〉 limit, the remaining molecules de-
tected with low-field imaging method in Fig. 2(d) mirrors
the Na fragment in Fig. 2(c) with no additional spectro-
scopic features. In addition, the sum of the numbers ob-
tained in Fig. 2(c) and Fig. 2(d) is constant and equals to
the original molecule number measured with the low-field
imaging method without the PD. This suggests that the
PD process is clear and all the dissociated molecules are
converted to |2Na〉 and |1Rb〉 atoms. This PD pathway is
thus selected for the high-field FM detection.
The PD spectrum in Fig. 2(c) is obtained at 335.3 G
where the FM is bound by 22.38 MHz [19]. Thanks to the
strong E1 coupling, PD still occurs efficiently with rather
low PD/OP light power. However, at this binding energy,
the dissociation by rf or microwave driven M1 transitions
is practically impossible due to the small bound-to-free
wavefunction overlap. In fact, we have observed that rf
dissociation already becomes difficult for binding energies
large than 2 MHz even with very high rf powers.
IV. HIGH MAGNETIC FIELD FM DETECTION
Figure 3 shows single-shot absorption images of the Na
and Rb fragments taken at 343.2 G following the PD/OP
pulse. While Na atoms are pumped to |2Na〉 level and can
be imaged immediately, an additional OP pulse is needed
for imaging Rb atoms which are in the |1Rb〉 level after
the PD. To ensure a complete PD, the PD/OP light fre-
quency is tuned near the dissociation limit. Typical for
PD processes, the excess photon energy will be converted
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FIG. 3. Detection of NaRb FMs by PD. Top: high-field ab-
sorption images of the FMs by probing the Na (left) and Rb
(right) photofragments. Bottom: x and y sizes of the FM sam-
ple following TOF expansion before the PD. The red curves
are fits to Eq. (1) for extracting the temperature.
into kinetic energies of the photofragments. In the cur-
rent experiment, as the nature linewidth of the |3Na〉 level
is 10 MHz and the linewidth of the PD/OP light is sub-
MHz, the fragmented Na and Rb atoms can be easily
heated up by hundreds of µK (1 MHz corresponds to
48 µK).
This heating effect is demonstrated in Fig. 4 in which
the temperature is obtained from measuring the time-
of-flight (TOF) expansion (inset) of the Na cloud after
the PD/OP pulse. Fit the measured size to the TOF
expansion formula for thermal gases
σ(t)2 = σ20 +
kBTt
2
M
, (1)
we obtain temperatures T for several PD/OP light fre-
quencies. Here kB is the Boltzmann constant, σ0 is the
in trap size, and M is the mass of the Na atom. For the
above threshold portion, a heating rate of 40(2) µK/MHz
is obtained from the piecewise fitting. If we ignore the
small initial NaRb sample temperature, the heating rate
calculated from momentum and energy conversations is
38 µK/MHz for the Na fragments. This is in good agree-
ment with the observation. For Rb, a smaller heating rate
of 10 µK/MHz is expected. As shown in Fig. 4, we also
observe that the Na cloud is heated up to about 210 µK
even with PD/OP light frequency below the dissociation
threshold. We believe this is due to power broadening
and the nature linewidth of the PD/OP transition.
Since the temperatures of the photofragments are
much higher than the typical trap depth, the Na and Rb
clouds will expand quickly with or without the trap. The
slightly larger size of the Rb cloud in Fig. 3 is a result of
this expansion as the Rb image is taken 50 µs after the Na
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FIG. 4. The strong heating effect from PD. Temperatures at
several PD detunings are obtained from measuring the TOF
expansion after the PD. The solid curve is from a piecewise
fitting for extracting the PD threshold and the heating rate
for above threshold PD. Inset: an example TOF measure-
ment. Very short expansion time is used due to the high
temperature. The curve is the fit to Eq. (1) for obtaining the
temperature.
image due to the need for the additional OP. To get the
correct number of FMs from the images, it is important
to ensure a complete PD of all FMs. Meanwhile, the PD
induced heating also makes it critical to use a short dura-
tion to avoid number loss and large size expansion before
the detection. To this end, the PD/OP pulse power is in-
creased to 2 mW which is strong enough to dissociate all
the molecules in 3 µs. At the same experimental condi-
tion for obtaining Fig. 3, the molecule numbers extracted
from the Na and Rb images after averaging 10 shots are
6740(280) and 6190(360), respectively. The small correc-
tions due to the leakages in the OP are already taken into
account. The two numbers, which should both equal to
the number of molecules and thus identical, are slightly
different. The same issue has also been observed in the
low-field imaging method [23, 24] and can be eliminated
by a more careful number calibration. Within the mea-
surement uncertainties, the molecule numbers measured
by the PD method agree with those obtained from the
magneto-dissociation and low-field imaging method.
The strong heating effect of the PD also complicates
the temperature measurement. To mitigate this prob-
lem, the detection is performed on the Rb cloud due to
its lower sample temperature than that of the Na cloud.
In addition, we also set the PD/OP light frequency about
1 MHz below the PD threshold to reduce the heating as
much as possible without sacrificing the PD efficiency.
To measure the sample temperature, the NaRb FMs are
first released from the optical trap. After various TOF,
they are then photodissociated by the 3 µs PD/OP pulse.
An 8 µs Rb OP pulse is applied immediately afterwards
to pump the |1Rb〉 fragments to |2Rb〉 which are then im-
aged by a 10 µs high-field image pulse. During the whole
PD and imaging procedure, the size of the Rb fragment
expands about 1 µm, which is less than 20% of σ0 of the
FMs. The bottom panel in Fig. 3 shows the measured Rb
5sizes versus the expansion time. Fit the data to Eq. (1)
by replacing M with the mass of the NaRb molecule, we
obtain a molecule sample temperature T = 390(40) nK.
Since the TOF expansion here occurs before the PD,
the PD induced heating affects mainly the measured σ0.
In principle, longer TOFs can be used to reduce this ef-
fect. When σ(t) becomes much large than σ0, the tem-
perature can be extracted directly from the slope of the
expansion curve without involving σ0. In our experiment,
however, the TOF is limited to several ms due to the
small molecule number. Nevertheless, under the same
sample condition, the temperature measured in the PD
assisted high-field imaging method already agrees within
less than 5% with that obtained using the low-field imag-
ing method. We thus conclude that both the number and
temperature of the FMs can be accurately obtained with
the PD assisted high-field imaging method.
V. CONCLUSION
To summarize, we have studied the PD of NaRb
FMs via the Na(3P3/2) + Rb(5S1/2) and the Na(3S1/2)
+ Rb(5P3/2) excited-state dissociation limits and se-
lected the Na
∣∣3P3/2,m′J = 1/2,m′I = 3/2〉 hyperfine Zee-
man level of the former path for detecting the FMs. We
investigated the heating effect accompanying the PD pro-
cess and developed a protocol which has allowed us to ob-
tain the accurate number and temperature of the molec-
ular sample. Beside its capability of detecting pure FMs
with both small and large binding energies, this detec-
tion method is also useful for studying collisions between
atom and FMs. However, as relatively strong intensities
are needed for the PD, this scheme cannot directly dis-
tinguish atoms and FMs prepared in the same threshold
when the FM binding energies are smaller than the na-
ture linewidth. Fortunately, this issue can be solved by
the addition of a high-resolution rf or microwave pulse
to transfer the atoms to the right energy level and then
probed by the cycling transition. After the atoms are re-
moved by the probe light, the FMs can then be detected
following our protocol. In addition, combined with the
stimulated Raman process, this method can also be read-
ily adopted for detection of ground-state molecules.
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